@ B

Diboson Production and Couplings

Susan Burke b T

Fermilab

on behalf of the DO and L - _:_CD_F‘_
CDF Collaborations Tl

-
-

. Tevatron
5
o

Py

e
) Y
N

—

" "V:ﬂ‘ I-_. --.‘.;_._:\___‘

s b o .
JUly 30, 2008 PRES i‘f M;—;rf Irr.;g'do:
\ {hew) ‘

Susan Burke ICHEP 2008



‘ Why Study Diboson Production?

Leading order diagrams

P D

W,Z
P t-channel B s-channel

— (*) .
e s-channel production probes non- qq —>W - oWy WWy
Abelian structure of SU(2), ®U(1)y, qgg' —-w" —WzZ : WWZ

_ (%) :
* Tevatron (pp) sensitive to different 149 = Z/;y(*) —WW: WWy, Wz
Triple Gauge Coupings(TGCs) than qq =Zly ' —Zy |ZZy,Zyy
LEP (e*e") and explores higher § qq -~ ZIy" —»27Z :|\2Zy,727Z

Not permitted in SM
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@ Why Study Diboson Production? 3

* Important background for Higgs Searches!

SUSY Randall-Sundrum Graviton Unknown
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‘ Diboson Production at the Tevatron

¢ Analyses presented: ~1-2.7 fb-L of PP collisions at Vs=1.96 TeV

Channel Events/11b-!

Tevatron Run Il pp at\s = 1.96 TeV

'._é.. EH OCDF Preliminary
W—lv = 5,000,000 S 40'E = CDF Published
71 ~ 500,000 5 E O oDO0 Prell.mmary
s N ® DO Published
Wy—lvy ~ 32,000 § 10° 3 N Theory
Zy—lly ~ 8000 S E
WW/WZ—lvij | ~ 4000 N i Bk P=v ‘
WW—lvly ~ 600 - ' ‘
77—1lvv ~ 40 - ﬁT
ZZ—11ll o ) 1 <~
I=e or u
10 w z Wy Zy ww Wz ZZ  HoWW
M,=160 GeV
H—=WW points not yet updated 4
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WW— lvlv

700 * Small BR: ~5-6%
l (I=e or n) Ivjj
q AN q W * Include W—1v,
NLO cross section: 12.4 + 0.8 pb T—lvy Jiji
\ Campbell, Ellis, Phys.Rev. D60 (1999) 113006  * Clean sample 1= 'c,e,ory

* Important quasi-irreducible background for H=WW
* Probes WWy and WWZ trilinear gauge couplings
e DO ~250 pb! (PRL 94 151801) First Tevatron observation (5.20)

e 25 candidates, expected background 8.1+ 1.0 events
o(WW) =13.8% (stat)’, 2 (syst) = 0.9(lum) pb

e CDF ~825 pb!
e 95 candidates, 37.8 &+ 4.8 expected background events
o(WW) =13.6 x2.3(stat) £1.6(syst) = 1.2(lum) pb

Susan Burke ICHEP 2008




@ WZ — Ivll @ DO

( ) v a w *Small BR: ~2% Ijj \
w* (IZG or M) vV J J Ivvv
:MLM: >NW\< * Include W—1v, - L
q 2 2 T—lvv IVJjj ]
NLO cross section: 3.7 + 0.3 pb * Clean sample JI17J
\ Campbell,Ellis, Phys.Rev. D60 (1999) 113006 * WZ not produced at LEP! 1= 'c,e,ory

| WZInvariant Mass vs. Missing E_ |
-1
DO @ 1 fb r DG Run i

3180 1 Data
3 isolated leptons, e or w wieo- 1107 iwm e
PT > 15 GCV émog .Background
71 <M,, <111 GeV ok | .
50<MMM< 130 GeV aoi— *
MET > 20 GeV WS
Transverse recoil (WZ) < 50 GeV o -

*; = n |

%

1 1 1 1
100 120 140 160
Invariant Mass (GeV/c?)

* 13 candidates, expected background 4.5 + 0.6 events

o(WZ)=2.7"|(stat + syst)pb | PRD 76 111104(R)
Susan Burke ICHEP 2008




‘ WZ — Ivll @ CDF

B %

7/

* Backgrounds: Z+jets (jet fakes lepton), Zy (y fakes lepton),
77 (unidentified lepton), tt

CDF @ 1.9 fb"!

3 isolated leptons, € or u

P'.>20GeV, P2.> 10 GeV

76 <M, <106 GeV

MET > 25 GeV

AP(MET, 1 orj) >9°

<1 jet, P> 15 GeV

if 2nd dilepton pair, veto P> 8 GeV track

e 25 candidates, expected background 4.7 £+ 0.8 events

o(WZ) = 4.4* 7 (stat) = 0.2(syst) = 0.3(lum) pb
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CDF Run Il Preliminary j Ldt=1.9fb"
B Region: Signal
§ glon: >ig « Data [JZ+jets
& 1% Owz [@zz
< Ozv Bt
~ 10
k%)
c
g gl > a
L
6,
4]
: Wl ﬁ
e s e e -
40 50 60 70 80 90 100 110 120 130 140
M, [GeV/c?]
, CDF Run Il Preliminary [Ldt=1.91b"
> 1074 ion: Signal
K 9 «Data [JZ+jets
0 Owz [@QOzz
N Ozy Bt
€ 104 —
c
(O]
>
L

Jﬂaim, L

[ EEJ TH

0 10 20 30 40 50 60 70 80 90
ET [GeV]
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WWZ Anomalous Couplings

B

* WZ not produced at LEP

* Tevatron can set limits on WWZ production independent

20 of WWy production

Write effective Lagrangian in terms of CP-conserving vector boson (V) coupling

parameters (g,, K, and A):

Loy 9wy = 19.Y( WTWW“V" - WTMVVWW) + iKvWTMWVVW +ir /M, |/I/7‘MW“VV"7L

SM:g,Y=g/“4= SM:k, =k, =1
AC: Ag,% (=g,4-1) AC: Ak, , Ak (=, -1)

SM:)\Y=7\Z=O

AC: A, )\y

 Restrict coupling parameters to their Standard Model values at

asymptotically high energies to maintain unitarity:
* form factor A, and o= Ag,, Ax, or A
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WWZ Anomalous Couplings 2 *

* P(Z) sensitive to coupling parameters and easily measurable!

o 16 _ . CDF Run Il Preliminary JLdt=1.91"
; —— WZ Candidates D@, 1 fb § .
o 14 Standard Model MC _ e Data
G R AC MC: Ak, =A ¢ = -0.25,\, = -0.25 Perform 1-D 2 . —— SMWWZ Coupling
= ? ACMC:Ax, =Agf = 0.50,A, = 0.25 and 2-D fits 5, iy
: c 1 T Ag =0.
; —— : for }\’, Ag, AK |_0>|j ;~g= 0.02:0
0 oo _
i i using WZ data
> B .
wosc_ | i o candidates
: I -1 ; 1
ar _£_3 1
I § < > 1
:I L1 | L1l | L1l | L1l | L1 L1 'l—T‘T’-I—I—I—'—I—l—I— 0 J | 1 I ' '_'l_‘s'_?‘;l__?‘_ﬁ I_' T
O0 20 40 60 80 100 120 140 160 180 200 0 50 100 150 200 250 300 350 400
Z pT (GeV/c) ZP;/GeVlc
. . . CDF Run Il Preliminary det: 191"
95% C.L. Limits, assuming A=2.0 TeV % oo Gonicerce Lovel 1

Central Value (0.07,0.01)

DO @ 1.0 fb-! CDF @ 1.9 fb! pa

-0.17 <A, <0.21 -0.13 <%, <0.14 N
-0.14 < Ag,< 0.34 -0.13< Ag?%,< 0.23 o
-0.12 < Ak, = Ag?, < 0.29 | -0.76< Ak,< 1.18 22 ot

02 01 -0 01 02 03 04 9
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WW/WZ — Ivi;

u W * 5-10x more signal 1] \

] . 9.0 lvvv

5)\2\ <! Br(WW): 3(())% Ivjj llvv VVjj v

i *Br(WZ): 14% —
I=e¢ or u "
Wi : v <" *1000x more BKG
D Ll TS gy i )

\u W~ d r~< S/B<1% WW WZ 1xcor U

* Final state similar to WH — lvjj
* Higher branching ratios = potentially greater sensitivity to anomalous TGCs
e Backgrounds: W+jets, Z+jets, QCD, tt

[ EE

1000
CDF @ 1.2 fb! - | [ BoR (w+jets.Ewk,QCD)
800—

Exactly 1 lepton, € or u s | _’
2 600

=2 jets, Py > 15 GeV, An(,, J, ) <2.5 s |
S 400

MET > 25 GeV "o Z'j

30 GeV < M(W) < 120 GeV

Neural Network: 6 dimensionless

200— T |:l
0 W L o | | |

1
04 05 06
NN Output

e T
=)
—
=)
N
o
w
=)
N
=)
o
=)
©
—

event shape variable inputs
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WW/WZ — Ivjj B X

Ldt=12f CDF RUN Il Preliminary 1
Ldt=1.2fb CDF RUN Il Preliminary
300 7 —
2500 250
r F * Data background subtracted
B 200— — Signal shape for fraction f
- 2000 Subtract E ignal shape for fraction fg
8 % C f statistical error
150 —
e background | ¢ *E
& 1500 = B
g < Data o 10—
> r — Signal+Background (Fit to Data) c -
: 1000; —Background (Fit to Data) h f E sol.
- 15016 data events S ape rom * = .
L 410+212 signal events o— T
500 — Fit Prob: 68% data - J
L 50—
o N RSN RS RS RS N irmar -
60 80 100 120 140 160 000 o 0 | oy by ey ey ey |
Dijet Invariant Mass (GeV) 60 80 100 120 140 160
Dijet Invariant Mass (GeV)

* Estimate signal fraction from likelihood fit to data for M
e Signal shape fixed with Monte Carlo, background shape has 2 free parameters

Signal yield 410 £ 212(stat) = 102(syst)

Observed o x Br=1.47 = 0.77(stat) = 0.38(syst) pb
95% C.L. Limit | o x Br<2.88pb

NLO prediction |0 x Br=2.09+0.14 pb

CDF 1.2 fb’!

SIS ICHEP 2008 1



@ Z.7. Production

/ q 2 q z
2 llvv: ~3.0%
q *[arge Backgrounds
*1111:~0.5%
q Z0 q 2°

*Clean Sample

NLO cross section: 1.4+ 0.1 pb l=e or
K Campbell, Ellis, Phys.Rev. D60 (1999) 113006 I=1,e,0r U

* Demonstrates our ability to measure small cross sections
e /77 and Z7y forbidden by SM—opportunity to see new physics

* Both DO and CDF consider decay modes: llvv and 111l

SIS ICHEP 2008 12



@ 77—llvv @ CDF

0 Backgrounds: Z/Y*, WW, WZ, tt_, Wy, W+jets CDF Run Il Preliminary [Ldt=19"

g |z FitRegion . gata O
1 o Ozz Wy
CDF @ 19 ﬂ) u\; 601 gm B\II)VYﬂets
Exactly 2 isolated, opposite sign leptons, € or u £ 50 Msyst. uncertainty
>
P'.>20 GeV, P2,> 10 GeV s
M, >16 GeV o B
< 1 jet, P> 15 GeV SR
ET,sig >2.5 GeVl/Z’ ET,rel >25GeV ) E ;.'f---.
| 00 20 40 60 80 100 120 140 160 180 200
l’ Fr [GeV]
E,
ET,Sig = ZE E { if A¢ET ,(l ]et)>—
T T,rel — VYE, sin A¢E, (I, jet)

i ApEy (1. jer<

* Observe 276 events, 256 £ 21 expected, including 14 £+ 2 expected signal events
* Dominant remaining background: WW (real missing-E)
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@ 77—llvw @ CDF

* Distinguish ZZ from WW with event-by-event probability density function:

, CDF Run Il Preliminary [Ldt=191"
3 1912z Fit Region
3 | *data Ot
@ 10°{ Ozz  Bwy
S 1 Owz DOwsets
g ] Oww Oby ; P
107 [Msyst. Uncertainty E LR — Y44
10—; t PZZ + PWW
4 |
R I
5 -45 -4 -35 -3 25 -2 -15 -1 -05 0
log, (1-LR) (ZZ, WW bkg)

Observed Results: CDF @ 1.9 fb!

* Probability for background-only P-Value 0.12
hypothesis to describe data:

Significance 1.20

* Expected probability to see 20(50) effect: 0.55(0.06)
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@ 77—1lvv @ DO

 Backgrounds: Z+jets, WW, WZ, tt, Wy, W+jets

E DO preliminary  — gz (@)
; 427" e'e ] Z+jet .
DO @ 2.7 fb'! %103? — -otr:::rsbckg. ;
Exactly 2 isolated, opposite sign leptons, € or w *GEJ10 7 %;VZW/WZ E
P> 15 GeV 510° E
10: ﬂ'{ 1
70 <M, <110 GeV 1_ | o
<2 jets, P> 15 GeV " —
Veto additional lepton candidates, P> 5 GeV 107 :
2k Ly e Ly

10520 40 60 80 100
* To target Z+jets (~13,000x more than ZZ7), cevy E; (GeV)

For uuvv, £, > 30 or 35 GeV

create novel missing-E like object :
* minimum possible missing-E, given

o . Channel eevv Uuvv
uncertainties on lepton energies and
, , Background 15.6+0.4 109+ 0.3
hadronic recoil
Total Predicted | 19.6 = 0.4 143 0.3
Observed 28 15

SIS ICHEP 2008 15



G, 77—s1lvv @ DO B X

* Distinguish ZZ from WW using multivariate likelihood:

o 10 DG preliminary 276" whi (b)]
% i —®-data |
= 8- [ 1zz -
0>J i L lwwmwz |
() . | Z+jets 1
6_— Il other bckg. 8
4 -
1 |
2
- . I | ===_
% 02 04 06 08 1
uuvv likelihood output

* Probability for background-only to produce observed distribution:

Expected Observed
P-value: 2.26x102 0.40x10-2
Significance: 2.000 2.660
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‘ 77111l @ CDF B %

* Dominant background: Z+jets (including Zy+jets) ~'§‘140_CDF S JLE%;Z mtb
with 2 fake leptons S o Yo
* Require exactly 1solated 4 leptons (e or w) Sl [ R
e P.'>20GeV, P23 > 10 GeV R At s
 Two Z candidates (opposite sign, same flavor pairs)| 2« . = i
e 76<M,(Z,)< 106 GeV of B
« 40 <My(Z,) < 140 GeV o

20 40 60 80 100 120 140

* Separate high and low purity samples: My leading P, Z (GeV/c’)
CDF Run Il Preliminary [ Ldt=1.9"
2.5 Region: Signal

Candidates without Candidates with Oz giﬁ;ifsts
Category a trackless electron a trackless electron 2 ks bLorr
27 1.990 + 0.013 += 0.210 0.278 £ 0.005 £ 0.029 15
7 +jets 0.01475:089 +0.003 0.08215-055 +0.016 | 1
Total 2.00470016 + 0.210 0.360129% + 0.033 il ‘
Observed 2 1 "
O T T T T _!_:;[
|1 eeee and 2 pupp candidates M (GeVic?)

SIS ICHEP 2008 17



‘ /7. Production (@ CDF

* Probability for data to be described by background-only hypothesis in
/77—1lvv, ZZ—1lll, and the combined channels:

Observed Results: CDF @ 1.9 fb!

Channel [lvv 11 Combined
P-value: 0.12 1.1x10° 5.1x10°
Significance: 1.20 4.20 4.40 PRL 100 201801

* Expected probability to observe a 5o effect 1s 0.50

* Cross section: |0(ZZ) =1.4%/ (stat + syst) pb

e Consistent with Standard Model NLO cross section: 1.4 £ 0.1 pb

18
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77—1111 @ DO

e Background: Z+jets (including Zy-+jets), tt of ZETpemimnn 1707 e andan
* Require exactly 4 leptons, € or u =
o ceee/uuun : Py > 30, P2 > 20, P24 > 15 GeV
e eeuw: Py(e, or u,) > 20, Py(e, or u,)> 20 GeV
* Two Z candidates (same flavor pairs)

e M,(Z,)>70GeV
e My(Z,)>50 GeV

* Separate higher and lower purity samples: S

IIIIIIITIIIIIII{IIII{

le

00 200 300 200 500
e eecee or eeuu: the more central (CC) electrons, 4-lepton invariant mass (GeV)
which have a track match, the higher the purity

Lowest background channels!

Subchannel eeeexcc eeeescc eeeescc Joynnn eelllocc eeppLicc eelllacc
Luminosity (fb~')| 1.75+£0.11 | 1.754+0.11 | 1.754+0.11 | 1.6840.10 1.68+0.10 1.68+0.10 1.684+0.10
Signal 0.09440.005|0.194+0.006 |0.1584+0.006 | 0.60+0.05 | 0.065+0.007 | 0.39+0.04 0.62+0.05
Z(v)+jets bkgd. | 0.03070:208 | 0.01870-053 | 0.00270-00% 10.000379-000;] 0.03%95% | 0.05+0.01 | 0.00875:505
t¢ background - - - - 0.001273-991610.005 + 0.002|0.0007-9-3999
Observed events 0 0 2 1 0 0 0
19
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‘ /.7 Production (@ DO

* Probability for data to be described by background-only hypothesis:

Observed Results: DO @ 2.7 tb-!

Channel [lvv I (1.7 fb-1) Combined*®
P-value: 0.40x102 4.33x 108 —
Significance: 2.70(2.00) 5.30 (3.60) 5.70 (5.20)

Expected significances are given in parentheses

e Combined result includes earlier 1fb-! search for ZZ —I1111 (PRL 100 131801)

e (Combined cross section:
0(ZZ) =1.48 £ 0.59(stat)*; 11; Observatio

e Consistent with Standard Model NLO cross section: 1.4 + 0.1 pb

SIS ICHEP 2008 20



/7 (@ Tevatron!

pr (GeV)
1D

dimass (GeV) . = » , _ Contral &
Z pr (GeV) ! ) Py = 123.5 GeV
Er (GeV) . - : L =0

ET scale: 3 GeV

lepton 2
Central ¢*
| py=51.5GeV
: n=-1.1

X
"5")",_ ¢ .
e e S %
o~

DO: uuuu candidate CDF: eevv candidate
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@ /77/77y Anomalous Couplings

q Z e 777 and 7.7y production are not permitted in the SM

* Describe anomalous couplings in terms of CP-

Zly, SN :
violating parameters f,%, f,', and CP-conserving
arameters f.Z, f.¥ Von
. Use form factor tarity: | L
: , se form factor to ensure unitarity: |J/; 1+ 5/A2)

where V=2,y

DO @ 1.1 fb-!: ZZ—=1l1l channel
 Event selection similar to 1.7 fb-lanalysis, except: M;;> 50(70) GeV for ee(uu),

PL.> 15 GeV

1-D limits @ 95%C.L.

A=1.2 TeV Example of 2-D limit —=>
-0.28 <f,2<0.28 Outer contour: physically

-0.31 <£2<0.29 allowed region
. 0
026 < £,1<0.26 Inner contour: 95% C.L.

exclusion
-0.30 <f£,r<0.28

04 02 O 0.2 04
Crosshairs: 1-D exclusion limits £
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@ /77/77y Anomalous Couplings

e CDF @ 1.9 fb'!: ZZ—1ljj channel
* Higher Branching ratio, large Z + jets background
* Signal from anomalous ZZZ/Z7y couplings expected at large P.(Z)

* Use dijet mass spectrum in high P(Z) regions to constrain potential

\ contribution from anomalous couplings = eor “j
- CDF Run Il Preliminary [Ldt=19fb"
> 18 — =03 _
Expected AC | S 16 =h pel ey
: 5 141 —— W7
signal from % 1 z -0.12 <f,2<0.12
Z _ > _: Data
f,#=0.3 . 1of Dilepton p; = [140,210] -0.13 <£,2<0.12
(LEP Limit) 2 | -0.10 < f,¥<0.10
2 B Jr T 4 -0.11 <f£7<0.11
0 50 100 150 200

20 %00 %0 20950 C.L. Limits
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Summary 3 *

Tevatron Run Il pp at s = 1.96 TeV

3 [ OCDF Preliminary
S 10%E B CDF Published
g - -0 oDO Preliminary
s B ® DO Published
® 10°E N Theory
o S
o -
B o
L =Y 2
10%E ‘
o Y ‘
10 e v%
e ; | ? i
-1 i i
10 w z Wy Zy ww wz ZZ H-oWW
M,=160 GeV
H—WW points not yet updated
Susan Burke ICHEP 2008

Both CDF and DO are
measuring heavy diboson
production and couplings
with greater and greater
precision

/.7 production has been
observed at the Tevatron!

New limits set on anomalous
coupling for ZZ7/77y

production

Next up for the Tevatron:
H—-WW...

24



Backup Slides
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‘ CDF II Detector

Had Cal

EM Cal

e (Central Tracking Detectors

 Silicon detectors and 96-layer drift
chamber within 1.4 T solenoid

Solenoid

/,‘
N\
[N
Ot R -
AN

()
e

\
ZTAS

L g

e Precision vertex and momenta
measurements of charged particles

L/

P Y\ ‘.“ P
W

Silicon Tracking

« Pb/Fe sampling calorimeter, n| < 3.6

* Measures energy of electrons, photons and jets . Sl
e Minimum ionizing particle energy for muons

e Muon Detectors, |1 | < 1.5

e Wire chambers and scintillators identify muons

Susan Burke ICHEP 2008



WZ — Ivll @ CDF

Electrons n vs. ¢ Muons M vs. ¢
= 3 ; 3F S = - ]
[Contral [ f CMX
Central E [ 1
2 BRI 2 - N
Forward| | f ‘
(V(\j/rwar 1 K o 1 r Central Forward|
Si-based B2 - | MIP MIP
track) 0 ": 0 _ ]
Forward 1 i R _ ]
(w/o ! i
Si-based, L i
track) 2| 2 f .
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
n n

* Incorporate extended lepton identification to maximize acceptance
e New forward electron candidates without track match
e New forward muon candidates fiducial to calorimeter

e New flavor-neutral leptons from unmatched tracks pointing to holes in detector
coverage (electrons or muons)

S Bl ICHEP 2008 27



@ WW— Ivlv @ CDF B x

e Update from CDF at ~825 pb-!

e Backgrounds: Z/y*, tt, WZ, 77, Wy (y fakes lepton), and W+jets

(jet fakes lepton)

Selection: CDF @ 825 pb-!

2 isolated, opposite sign leptons
(e or w), P,>20 GeV

0 jets, P > 15 GeV, n| <2.5

Missing-E; (MET) > 25 GeV

AG(MET,]) > 0.3 (if MET< 50 GeV)
METWVSE; > 3.0 GeV'”
(if 76 < M,< 106 GeV)

Events/ 8 GeV

10}

25
20 |
15 |

O R
0 20 40 60 80 100 120 140 160 180 200

CDF Il Preliminary (825 pb”’

» Data
Oww
[wz+zz
Bt
Wy
[]Drell-Yan -

4+ 4

E; [GeV]

Well-understood sample critical for H=WW!

* 95 candidates, 37.8 £ 4.8 expected background events

o(WW) =13.6+2.3(stat) £ 1.6(syst) = 1.2(lum) pb

Susan Burke ICHEP 2008
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O

/7—l1lvv @ CDF 3 *

* Distinguish ZZ from WW with event-by-event probability density function

B} 1 do™ )
P(3,) = [ ——6()G(,,,.5)dy
o)” &
Xobs = observed leptons and MET e(y) = total efficiency x acceptance
y = True lepton four-vectors (with neutrinos) G(x,.y) = resolution effects
o = Leading order theoretical cross section ,_CDF Run Il Preliminary [Ldt=19m"
— 3 977z Fit Region
S *data Ot
LR (5(/.’ , ) — PZZ ('xobs) 3 10° B;Zt g&y
obs — — < wz W+jets
PZZ (xobs) + PWW ('xobs) \ E 2 Bww DDY] g
1073 Syst. Uncertainty

* Probability for background alone to describe data:

Observed Results: CDF @ 1.9 fb! 1 ||

P-Value

0.12

—
o
|

-

Significance

1.2 0

|||||||||||||||||||||||||||||||||||||||||||||||||

-5 45 4 35 -3 25 -2 15 1 -05 O
log, (1-LR) (ZZ, WW bkg)

* Expected: probability to see 20 (50) effect: 0.55 (0.06)

Susan Burke
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